K3Na(SO4) 2 is related to the bonding of this cation. K3Na(SeO4)2, Mr = 426.19, A(Mo Ka) = 0.71073 ./k, two phases. At 291 K, monoclinic, C2/c, a = 10.162(2), b= 5.867(1), c= 15.021 (2)/k, /3 = 90.00 (1) °, V = 895.56 •3, /1, = 96.29 cm-~, Z = 4, F(000)=800, Dx=3.160gcm-3, R=0.0202 for 1779 observed reflections. Lattice parameters of the pseudohexagonal cell: a--5.867 (1), b = 5.867 (1), c = 15.021 (2) A, a = 90.0,/3 = 90.00 (I), y = 120.0 ~. At 390 K, trigonal, P3ml, a= 5.906 (3), c = * On leave of absence from the Institute of Physics of the Czechoslovak Academy of Sciences, Na Slovance 2, 180 40 Praha 8, Czechoslovakia. t On leave of absence from the
7.552(1)A, V=228.13A 3, /1,=94.50cm-~, Z=I, F(000) = 200, Dx = 3.101 g cm -3, R = 0.0126 for 222 observed reflections. The high-temperature phase is isomorphous with the room-temperature structures of K3Na(CrO4)2 and K3Na(SO4)2 and at 346 K undergoes a reversible ferroelastic phase transition from point group 3ml to 2/m. Below this transition point the c axis, originally coincident with the trigonal axis, doubles its length. As a consequence, below the transition point the crystals are tripletwinned with a 120 ° domain structure, and the mirror plane is replaced by the glide plane c. Both structures consist of [SeO4] 2 -tetrahedral anions, Na cations coordinated by six O atoms in a deformed octahedron, and two crystallographically independent K(1) and K(2) cations with 10 and 12 O-atom coordination, respectively. The phase transition is accompanied by the shift of K(1) and K(2) cations as well as by the shift and tilting of [SeO4] 2-by 7.6 (l)C. The phase transition mainly affects the environment of K(2). The cation-O-atom distances and temperature factor as well as the bond-valence sums indicate that this K atom is the most loosely bound atom in the high-and low-temperature phases. The thermal stability of isomorphous K3Na(CrO4)2 and
Introduction
The aim of the present work was to determine the structures of K3Na(SeO4)2 below and above the transition point and to compare them with the already determined (room temperature) isostructural trigonal phases of K3Na(SO4)2 (Okada & Ossaka, 1980) and K3Na(CrO4)2 (Madariaga & Breczewski, 1990 ) which belong to the glaserite family. Powder diffraction patterns have also been reported for the related compounds K3Na(MoO4)2 (PDF 28-801), K3Na(WO4) 2 (PDF 28-802) and Rb27Na13(CrO4)2 (PDF 38-1185) . (The numbers given in parentheses refer to the Powder Diffraction File.)
In addition to these compounds with oxygen-containing anions (Bergerhoff, Hundt, Sievers 8,: Brown, 1983 ), Rb3Na(BeF4)2, K3Na(BeF4)_,, T13Na(BeF4)2 and (NH4)3Na(BeF4)2 are also isostructural with K3Na(SO4)2 (Pontonnier, Caillet & Aleonard, 1972) .
Finally, TI2WO4 at room temperature (Okada, Ossaka & Iwai, 1979) and presumably TI2MoO4 (Gaultier & Pannetier, 1972 ) between 311 and 673 K also belong to the glaserite family.
K3Na(SeO4)2 exhibits two phase transitions at T = 334 and 346 K (Krajewski, Piskunowicz & Mroz, 1993) . The latter is accompanied by anomalies in DTA curves, thermal expansion and dielectric constants. The phase transition at 334 K was deduced from the temperature dependence of the elastic constants Cis (this phenomenon is related to the acoustic phonon softening). Furthermore, it was determined from the studies of Brillouin shifts (Mroz, Kiefte, Clouter & Tuszynski, 1992 ) that the elastic constant C33 exhibits anomalous behaviour at T = 346 K, and C44 has two minima at 334 and 346 K. The rest of the elastic constants exhibit anomalies at T = 334 K.
The ferroelastic domains which are reorientable under external force are clearly observable below 334 K. Neither piezo-nor pyroelectric effects were detected (Krajewski, Piskunowicz & Mroz, 1993) . K3Na(CrO4)2 has been reported to undergo a ferroelastic phase transition at 239 K (Krajewski, Mroz, Piskunowicz & Breczewski, 1990) while in K3Na(SO4)2 no phase transition was found in the region 100-300 K (Krajewski, 1990) . The ferroelastic phase transition of K3Na(CrO4)2 is reported to be of an order-disorder type and neither pyroelectric nor piezoelectric phenomena were observed in the ferroelastic phase of this crystal. All experimental data suggest that K3Na(CrO4)2 undergoes a ferroelastic phase transition accompanied by change of the crystal class: 3ml-,2/m. It was supposed that K3Na-(SeO4) 2 might have been isostructural with K3Na(CrO4)2 also in the low-temperature phase. However, until now no structure determination nor crystal data of any ferroelastic phase regarding these compounds has been reported.
Experimental
Colourless crystals of the title compound were grown from an aqueous stoichiometric solution of K2SeO4 and Na2SeO4. From our optical observations it followed that the samples were biaxial up to 346 K and the ferroelastic domains gradually faded above 334 K with increasing temperature. When passing 334 K during heating the domains became dimmed.
A set of precession photographs taken at 290, 338 and 352 K revealed doubling of the c axis below 346 K and systematic extinctions for 00l; l = 2n + 1. The newly developed reflections which caused doubling of the c axis were observed in the plane h-h01 (pseudohexagonal unit cell considered) both at 338 and 290 K. It is worthwhile noting that the intensities of the newly developed reflections diminish with increasing temperature and that these reflections could only have been detected on overexposed photographs.
From the absence of piezo-and pyroelectric effects it follows that the low-temperature phase (LTP) was expected to be centrosymmetric. The hightemperature phase (HTP) was supposed to be isomorphous with the room-temperature phases of K3Na(CrO4)2 and K3Na(SO4)2 with the space group P-3m 1.
Taking into account the orientation of the vanished trigonal axis with respect to the symmetry elements of the supposed crystal class 2/m then the observed extinctions were expected to be caused by 'the glide plane c. The rest of the extinctions (h, 0, l; h ;~ 0, l = 2n + 1) could not be observed because of overlapping of reflections from two other domains.
A crystal with well developed faces of the approximate size 0.15 × 0.16 × 0.30 mm was mounted on an Enraf-Nonius CAD-4 diffractometer. Graphite- 
monochromated Mo Ka radiation was used. Unitcell parameters were refined from 25 reflections (4 < 0<16 and 7<0<25 ° for the low-and hightemperature phases, respectively). The lattice parameters determined from the tripletwinned monocrystal reflections are biased by systematical error since these reflections are superimposed diffractions from each domain the lattices of which need not necessarily overlap exactly. Thus the single-crystal diffractometer will tend to centre a reflection along the centroid of the bundle of superimposed diffractions. In order to check the lattice parameters which were obtained from the singlecrystal diffractometer experiment a powder diffraction experiment was performed on a Stoe focusing monochromatic transmission diffractometer equipped with a linear position detector. The powdered sample was inserted into a Lindemann capillary of diameter 0.3 mm. The measured region was 5.00-84.89 ° (20); a(Cu Kay)= 1.54056 A,. (SeO4)2 (1) Expression for transformation of indices from the primitive pseudohexagonal unit cell to the standard monoclinic C-centred (pseudoorthorhombic) unit cell
H ° = i]N0
(2) Relations for superposition of indices from pertinent domains expressed in the pseudohexagonal and pseudoorthorhombic unit cells
(3) Expression for the ferroelastic transformations of coordinates in the pseudohexagonal unit cell (see also (14) 0.6984 (7) 0.2434 (1) 0(2) 0.2024 (7) 0.3829 (4) 0.0894 (2) 0(2) 4 0.6171 (4) 0.8195 (7) 0.0894(2) 0(2) a 0.1805 (7) 0.7977 (7) 0.0894 (2) 0(3) 0.6524 (3) 0.8316 (7) 0.1086 (2) Hall, 1972) ; Lp correction and calculation of structure factors and their e.s.d.'s as well as their averaging was carried out by the conversion program to the SDS system (Pet~irek & Mal~, 1988) . Square roots of intensities of the LTP were averaged with respect to the centre of symmetry. For the calculation of the Fourier synthesis of the LTP, however, a set of symmetry-independent reflections was selected. The SDS program was used for the rest of calculations except the bond-length correction for the temperature movement which was carried out by the program PARST (Nardelli, 1983) . Scattering factors including anomalous-dispersion corrections were taken from Cromer & Mann (1968) and International Tables for ,Y-ray Crystallography ( 1974, Vol. IV) .
The structure of the HTP phase was determined by the solution of a Patterson synthesis. The starting model for the refinement of the LTP was calculated from the HTP. The geometry of the [SeO4] 2-anion and the values of the domain fractions, which were determined from the reflections superimposed on group-extinct reflections (see below), were kept fixed at the beginning of the refinement. The positions of O atoms were refined individually only after the isotropic refinement had converged. Unrestrained refinement of the [SeO4] 2-anion converged to a false minimum from the very beginning with a very distorted [SeO4] 2-anion. The refinement, assuming extinction of type I with isotropic Lorentzian distribution (Becker & Coppens, 1974) , considerably lowered the R factor in both cases, from 0.0376 to 0.0126 for the HTP and from 0.0277 to 0.0202 for the LTP. Refinement of the model of the LTP where K(2) occupied a centre of symmetry and the rest of atoms were shifted by (0,0,~) resulted in a much higher R factor. The refinement in the P1 space group with six domains (60 ° domain pattern) did not converge.
The difference Fourier synthesis* zip = V-lY.hAF(h)exp(-2zrhr), where AF(h) = IFol/Sc -IF,.(h)l for a single domain crystal (Sc is a general scaling factor), is modified for a triple-twinned crystal ~ are domain fraction parameters):
The refinement was also carried out in three nonconventional space groups in the pseudohexagonal primitive unit cell ( Table 3) . One of these space groups may be expressed as P2~' (Hall, 1981) and the other two are obtained by rotation of symmetry Fig. 3 . View of the high-temperature phase of K3Na(SeO4)2 along the c axis (symmetry codes are given in Table 6 ).
( C_ Fig. 4 . View of the low-temperature phase of K3Na(SeO4)~ along the c axis of the pseudohexagonal unit cell (space group P2:'). Se', K(1)' and .Na' are connected with the atomic positions given in Table 3 by (15) elements within the unit cell by 120 and 240 ° about the c axis (Table 2) . Refinement in these nonstandard space groups yields the coordinates of atoms in the pseudohexagonal unit cell which are mutually related by the pseudotrigonal rotation axis. This axis coincides with the c axis and the differences in coordinates between the atoms which are related by this pseudotrigonal rotation axis determine atomic displacement vectors A (Abrahams & Keve, 1971) . The values of & are given in Table 7 . The other relevant information about the experiment and refinement of both structures is given in Table 1 .
Discussion
The structures of the HTP and the LTP are shown in Figs. 1-4 , and their coordinates with temperature factors U;j are given in Tables 4 and 5, respectively. Table 6 contains relevant interatomic distances and angles of both structures. The structure determination proved that the HTP is isostructural with K3Na(CrO4)2 and K3Na(SO4)2 room-temperature phases.
The diffraction pattern of the LTP offers a possibility to confirm the correctness of the choice of the space group and to evaluate values of the domain fractions independently of the refinement of the structure.
Let us suppose the space group C2/c and let us consider an extinct reflection (h0l)l; h = 2n, l = 2n + 1 of the first domain. Two other reflections are superimposed on this reflection: (-h/2,-h/2,l)2 and (-h/2,h/2,l)3 of the second and the third domain.
[The twinning operations (see Table 2 ) are 1 3 I 1 (-~,~,0l-~,-~,0f0,0,1) and (-~,-~,0l~,-~,0!0,0,1), respectively.] Each measured intensity I°(hOl), I°( -h/2,h/2,1) and I° ( -h/2, -h/2,l) ; h = 2n, l = 2n + 1 may be then expressed as follows:
l"(hOI) = 1/21( -h/2, -h/2,1) +V~I ( -h'2,h/2,1) 1"( -h/2,h/2,1) = V~I( -h/2,h/2,1) + V~I ( -hi2, -h/2,1) /"(h/2, -h/2,1) = V,I( -h/2, -h/2,1) + V2I ( -h/2,h/2,1) .
Each column on the right-hand side of the equations applies for each particular domain while V;; i = 1, 3 means its volume and I (h,k,l) is intensity scattered by the unit volume.
Since I( -h/2,h/2,1) and I (-h/2,-h/2,1) ; h = 2n, l = 2;7 + 1 are space-group equivalents the domain fractions f may be determined straightforwardly from the equations given above because they are proportional to V~.
The measured data contained 19 reflection triplets of this type which fulfilled the condition that the average I/~r(I) within each triplet is > 10. The unweighted mean values of the domain fractions determined from the equations given above fit well with the values determined by the structure refinement (Table 1) .
The 
Components of the atomic displacement vectors A (in fractional coordinates of the pseudohexagonal unit cell) and their absolute values (~) with e.s.d. 's in parentheses
Notation of atoms is the same as in Table 3 . to the cation binding in the LTP and HTP as well as in K3Na(CrO4)2 and K3Na(SO4)2, the bond valences (Brown & Altermatt, 1985) were calculated (Table  8) . Bond valences offer a simple comparison of atom binding between similarly coordinated atoms where the respective central and coordinated atoms are of the same species. Because of their exponential dependence on the distances between a central atom and surrounding atoms bond valences are more sensitive than mere averaging of these distances, especially in cases of irregular coordination polyhedra. The values given in Table 8 in addition to the interatomic distances indicate that K(2) is the most loosely bound cation either in the HTP or LTP. This is in accordance with the temperature factor of this cation being the largest and having the largest displacement shift of all the heavy atoms (Table 7) . It should also be noted that the differences in the bond-valence sums between K(1) and K(2) are mainly as a result of the presence of the short K(1)--O(1) bond. The bond-valence sums also suggest that the bonding strength of the K(2) atom increases in the sequence K3Na(SeO4)2 < KaNa(SeO4)2 K3Na(CrO4)2 < K3Na(SO4)2. This accounts for the trend of decreasing phase-transition temperatures in this sequence [in KaNa(SO4)2 this has not been observed above 100 K]. So, we may conclude that the ferroelastic phase transition in this sequence, which is accompanied by the rotation of tetrahedral anions and simultaneous shift of cations, is affected mainly by the bonding of the K(2) cation. On the other hand it is reasonable to expect that the bonding of the K(2) cation is also a function of the size of tetrahedral anion. The larger anion is expected to cause the atom K(2) to be located in a larger cavity, and therefore be more loosely bound. Thus K3Na-(MOO4)2 and K3Na(WO4) 2 at room temperature may also be monoclinic and ferroelastic, though the powder data (PDF 28-801 and PDF 28-802, respectively) do not report doubling of the c axis. The growing intensity -when the temperature is lowered -of the reflections which develop below the phase transition at 346 K seems to indicate an increasing structural distortion from the parent phase.
Concluding remarks
A precession photograph of K3Na(CrO4)2 has revealed that the c axis also doubles its length below the ferroelastic phase-transition point. Thus the lowtemperature phases of K3Na(SeO4)2 and K3Na-(CRO4)2 are most probably isostructural. The structure determination of the ferroelastic phase of K3Na(CrO4)2 is now being examined.
